the Chk1 DNA damage checkpoint kinase); a moderate dose (680 R) that generates 32.2% and 34.5% X-irradiaSanta Cruz, California 95064 tion-induced lethality in the wild-type or grp mutants, respectively; and a high dose (1360 R) that leads to 100% lethality of both genotypes ( Figure 1A ). Untreated wild-type neuroblasts yielded a mitotic inSummary dex of 3.0 ( Figure 1C ; see the Supplemental Experimental Procedures available with this article online for deIt is well established that DNA damage induces checktails), similar to grp neuroblasts (3.1). As wild-type larvae point-mediated interphase arrest in higher eukarywere exposed to increasing doses of X-irradiation, the otes, but recent studies demonstrate that DNA dammitotic index dropped progressively to a value of 1.1 age delays entry into anaphase as well. Damaged DNA for the highest dose (1360 R), reflecting a significant in syncytial and gastrulating Drosophila embryos dedelay in initiating mitosis (p Ͻ 10 Ϫ6 ; see Table S1 for lays the metaphase/anaphase transition [1-6]. In hucomprehensive p values analysis). No decrease in the man cultured cells, DNA damage also induces a delay mitotic index was observed in grp mutants, even after in mitosis [7][8][9]. However, the mechanism by which exposure to 1360 R (3.0). These results confirm the im-DNA damage delays the anaphase onset is controverportance of Grp/Chk1 in preventing entry into mitosis sial. Some studies implicate a DNA damage checkin the presence of damaged DNA and are in agreement point [6, 7, 10], whereas other studies invoke a spindle with previous studies of larval imaginal disc cells [11, 12] .
Figure 1. X-Irradiation-Induced DNA Damage Produces a Grp/Chk1-Dependent Delay in Interphase as Well as Mitosis (A) Survival test after increasing doses of X-irradiation. (B-D) Frequency of mitotic (C) and anaphase figures (D) of brains from third-instar larvae untreated or exposed to increasing doses of X-irradiation. In our analysis, mitosis is defined as prometaphase/metaphase (condensed chromosomes) and anaphase (separation of sister chromatids). (C)
The mitotic index is defined as the number of cells in mitosis divided by the number of optical fields scored (approximately 100-200 cells/field), as previously described [15] . Because the mitotic index depends on the position of the cells in the brain, all fields scored were located in the brain periphery (a region containing mostly neuroblasts and glial mother cells, the two dividing cell types in the thirdinstar larvae brain). (D) The anaphase index is defined as the number of cells in anaphase divided by the total number of cells in mitosis. For each brain, we established a mitotic and anaphase index. Each column of graphs C and D represents the average of the mitotic index and the frequency of anaphase, respectively, of all brains scored for each genotype-WT (wild-type), grp (grp/grp), bubR1 (bubR1/bubR1), and grp,bubR1 (grp,bubR1/grp,bubR1)-presented in (B). The Mann and Whitney test was used for statistic analysis. Error bars are Ϯ the standard deviation; * denotes significant differences from treated to untreated larvae within the same genotype (for comprehensive p value analysis, see Table S1 ). nificant delay in the mitotic progression was observed anaphase transition in response to DNA damage, we scored the frequency of anaphase after exposure to a in grp bubR1 double mutants after extensive irradiation (28.0 versus 30.9). These observations suggest that the low dose of X-irradiation (340 R). This treatment induces a slight but significant reduction in the frequency of DNA damage and spindle-checkpoint components act in parallel pathways to mediate a mitotic delay after anaphase in both the wild-type (23.6 versus 30.2, p Ͻ 10 Ϫ7 ) and bubR1 mutants (21.8 versus 29.3, p Ͻ 0.001) extensive X-irradiation.
To determine if Grp/Chk1 is involved in monitoring the compared to untreated neuroblasts. In contrast, no difference in the anaphase index was observed in grp muproper microtubules-kinetochore attachment, we used colchicine to disrupt this association and activate the tants and grp bubR1 double mutants. Taken together, these studies suggest that Grp/Chk1 and BubR1 are spindle checkpoint. Specifically, we used previously described assays to determine the frequency of anaphase involved in delaying the metaphase/anaphase transition in response to high doses of X-irradiation, but only Grp/ and/or sister chromatid separation in wild-type, grp, and bubR1 neuroblasts after colchicine treatment (Table S2) Chk1 is involved in delaying this transition in response to low doses of X-irradiation ( Figure 1D ). [15, 16] . In wild-type as well as grp mutant neuroblasts incubated with colchicine for 30-45 min, the frequency In order to better understand the role of BubR1 in delaying the anaphase onset in response to extensive of sister chromatid separation dropped significantly, reflecting the activation of the spindle checkpoint ( To distinguish between these alternatives, we analyzed the response of normal and checkpoint-compromised neuroblasts to DNA damage unassociated with any kinetochores. To accomplish this we used transgenic lines bearing the I-CreI restriction enzyme regulated by a heat-shock promoter [19] . I-CreI fortuitously recognizes a 20 nucleotide sequence present in the Drosophila 18S rDNA localized in the X chromosomes. Seventeen of twenty nucleotides match the normal I-CreI site, and this has been shown to be sufficient to generate I-CreI-induced double-strand breaks [19, 20] . Thus, heat-shock-induced I-CreI provides a means of effi- that the X-irradiation-induced delay of the metaphase/ phase, well after the cells have committed to mitosis. In contrast, we are examining mitotic cells in which the anaphase transition is due to damaged kinetochores' activating the spindle checkpoint. Although our studies con-DNA damage checkpoint has been previously activated in G2. It may be that once the DNA damage checkpoint firm that high doses of X-irradiation activate the spindle checkpoint, presumably because of damaged kinetohas been activated in G2, it is more readily reactivated in mitosis. chores, we also find evidence for activation of the DNA damage checkpoint at metaphase. Although we cannot Previous studies have shown that Grp/Chk1 acts during S and G2 to delay progression into mitosis in refully explain these different results, a key difference between the two experimental protocols is that Mikhailov sponse to unreplicated and damaged DNA. Work from a number of systems shows that this is achieved through et al. specifically activate the checkpoint late in pro-acts also in mitosis to delay entry into anaphase. A functional DNA damage checkpoint at mitosis would be beneficial for cells entering mitosis with chromosome breaks because it provides a final opportunity for repair. Our results imply that in higher eukaryotes, the spindle and DNA damage checkpoints temporally overlap. This suggests new strategies for killing cancer cells. For example, cancer cells with compromised DNA damage checkpoints may be particularly vulnerable to agents that compromise the spindle checkpoint. 
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